Background: Telomeres are specific structures located at the ends of chromosomes that help maintain chromosome stability. In most tissues, telomeres become shorter as cells divide, a phenomenon thought to be associated with limitations on normal cell proliferation. Almost all types of cancer cells, including bladder cancer cells, express the enzyme telomerase, which can maintain or extend telomere length. Purpose: We examined telomerase activity in tumor specimens from a cohort of patients with bladder cancer and determined whether telomerase could be detected in exfoliated cancer cells present in urine from these patients. Methods: Spontaneously voided urine specimens and bladder-washing fluids (obtained by propelling normal saline into the bladder through a catheter and then withdrawing the liquid contents) were taken from 45 patients before they underwent surgery. 
tected in exfoliated cells in 23 (55%; 95% CI = 39%-70%) of the 42 spontaneously voided urine specimens and in 36 (84%; 95% CI = 69%-93%) of the 43 bladder-washing fluids examined. Considering voided urine specimens and bladder-washing fluids together, telomerase was detected in exfoliated cells from 40 (89%; 95% CI = 76%-96%) of the 45 patients. Telomerase activity was not detected in bladderwashing fluids from 12 cancer-free individuals. Cancer cells were detected by means of standard cytologic examination in the urine of 19 (42%; 95% CI = 28%-58%) of the 45 patients. Urine cytologic examination detected cancer cells in one (8%; 95% CI = 0%-38%) of 12 patients with grade 1 tumors and in 13 (46%; 95% CI = 28%-66%) of 28 patients with grade 2 tumors. In contrast, telomerase activity was detected in exfoliated cells (in voided urine or bladder-washing fluids) from nine (75%; 95% CI = 43%-95%) of 12 patients with grade 1 tumors and from 27 (96%; 95% CI = 82%-100%) of 28 patients with grade 2 tumors. Conclusion and Implication: Telomerase activity can be detected in exfoliated cells in urine from patients with bladder cancer, and measurement of this activity appears to be more sensitive in detecting the presence of cancer than standard urine cytologic examination. These findings suggest that measuring telomerase activity in exfoliated cells would be useful in the diagnosis and follow-up of patients with bladder cancer, a possibility that warrants further study. [J Natl Cancer Inst 1997;89:724 - 
30]
Telomeres are specific structures located at the ends of chromosomes [reviewed in (1)]. They are believed to be important in maintaining chromosome stability and in preventing the loss of genetic information (2) . In most somatic cells, telomeres become shorter with each cell division. This phenomenon is hypothesized to be associated with the limitations on normal cellular proliferation (3) . Telomerase, an RNA protein complex, can enzymatically maintain or extend telomere length (4) . Kim et al. (5) have described an easy, highly sensitive method for the analysis of telomerase activity. Recent studies (5-8) have used this method, known as the telomeric repeat amplification protocol (TRAP), to demonstrate that telomerase activity can be detected with a frequency of more than 90% in almost all types of malignant tumors, but it is rarely detected in somatic cells, except for hematopoietic cells (6) and some stem cells (9) .
Bladder cancer is a common malignant disease throughout the world, ranking as the 12th most common cancer in Japanese males and the fourth most common cancer diagnosed in the United States (10) . Previously, we identified genetic alterations in human urothelial tumorigenesis and the role of p53 mutations in the acquisition of invasive characteristics (11) (12) (13) . Using a mutational analysis of the p53 gene, we also demonstrated that multicentric urothelial cancers might be monoclonal in origin (14) . This latter result suggests that exfoliated cells derived from primary tumors may contribute to the multicentric nature of many urothelial cancers. Since human bladder cancers can recur at a frequency of approximately 50% after transurethral resection (15, 16) , early detection and follow-up, using minimally invasive techniques, are important aspects of successful treatment. Cystoscopy is an essential diagnostic tool, but it involves an invasive examination, and some lesions, such as carcinomas in situ, are hard to detect. On the other hand, urine cytologic examination is noninvasive and useful in routine practice, but the sensitivity of this technique can be influenced by subjectivity and depends on the skill, knowledge, and experience of the cytopathologist. In view of these facts, a more objective and reproducible technique is required. Lin et al. (17) reported that 97.5% of transitional cell carcinomas are positive for telomerase activity, suggesting that telomerase may be a universal target involved in bladder carcinogenesis. In this study, we examined telomerase activity in tumor specimens from a cohort of patients with bladder cancer, and we addressed the following question: Can bladder cancers be detected by assaying for telomerase activity in exfoliated cells in urine?
Patients and Methods

Bladder Tumor Samples and Cell Lines
Tumor samples were obtained from 45 patients with bladder cancer, and the telomerase activity in 42 of these primary tumor tissues was evaluated by use of the TRAP assay. All tumors were histopathologically confirmed to be transitional cell carcinomas; tumor grade and stage were according to the World Health Organization system (18) and the TNM Classification system (19), respectively. All samples were obtained from patients who were treated in Japanese hospitals and gave written informed consent. Eight specimens were obtained as normal control tissues; six of these specimens were obtained from patients with bladder cancer (i.e., macroscopically and cystoscopically normal mucosae from one cystectomy specimen and five random biopsy specimens), and the remaining two specimens were obtained at autopsy from individuals who did not have pathologic conditions of the bladder. Each clinical specimen was immediately snapfrozen in liquid nitrogen and then stored at −80°C. Three bladder tumor cell lines, T24 (20) , J82 (21), and 1197 (22) , were purchased from the American Type Culture Collection (Rockville, MD) and maintained according to the supplier's recommendations.
Exfoliated Cells in Urine
Telomerase activity in exfoliated cells in urine was examined for 42 spontaneously voided urine specimens and 43 specimens of bladder-washing fluid obtained from the 45 patients before they underwent surgery. We also examined telomerase activity in 12 bladder-washing specimens obtained from patients undergoing surgery for nonmalignant diseases. For bladder washing, approximately 100 mL normal saline was propelled into the bladder and drawn back a total of four times through a urethral catheter with the aid of a syringe. From each urine or bladder-washing specimen, 50 mL was used for protein extraction, and 10 mL was used for conventional cytologic examination. For protein extraction, the samples were centrifuged at 800g at 4°C for 5 minutes immediately after collection. The pelleted material, including the exfoliated cells, was washed with 15 mL calcium-free, magnesium-free phosphate-buffered saline (PBS[−]) and was subjected to centrifugation again. The new pellets were resuspended in 1 mL PBS[−], transferred to 1.5-mL tubes, and then centrifuged once again. The supernatants were discarded, and these final pellets were used for protein extraction. For patients with hematuria, the samples were treated with Triton X-100. Three milliliters of 1% Triton X-100 was added to 50 mL of urine or bladder-washing fluid, and the samples were mixed gently before centrifugation; all subsequent procedures were as described above. The final concentration of Triton X-100 in these samples was negligible. In addition, we confirmed that a concentration of 0.05% Triton X-100 did not influence the outcome of the TRAP assay (data not shown).
Protein Extraction and TRAP Assay
The protein extraction procedure and the TRAP assay were performed according to methods described by Kim (TRAP reaction buffer); this second mixture was placed above the wax barrier in the TRAP reaction tubes. For the analysis of exfoliated cell samples, 3-L aliquots of cell lysates were added to the TRAP reaction buffer without measuring the protein concentration. After incubating the reaction tubes at 23°C for 60 minutes, 32 cycles of the polymerase chain reaction were performed, using 1-minute temperature steps at 94°C, 50°C, and 72°C for each cycle. The amplified products generated in TRAP assays were separated in 10% nondenaturing polyacrylamide gels and then transferred onto nylon membranes (Hybond-N+, Amersham, Bucks., U.K.) overnight by use of semidry transfer methods. Detection of the telomerase reaction products was carried out by means of chemiluminescence methods (Imaging High, TOYOBO, Osaka, Japan) (24); the sensitivity of this approach was almost the same as that obtained with radioisotopic detection (data not shown).
Evaluation of Telomerase Activity
The telomerase activity assay was considered to be positive for a sample when a 6-base ladder, indicating extension of the TS primer, was detected. To compensate for the inhibitory effects of the relatively highly concentrated lysates derived from tissue specimens, TRAP assay-reaction mixtures containing serial 10-fold dilutions of protein, ranging from 0.6 to 0.006 g protein, were prepared for all determinations as indicated above. The TRAP assay was performed at least three times on all samples, and the replicated results were verified. For confirmation that a positive TRAP assay signal was generated by telomerase activity, all of the telomerase-positive lysates were pretreated with 1 g ribonuclease A (Wako, Osaka, Japan) to demonstrate that the signals were sensitive to ribonuclease.
Cytologic Examination
The cytologic examination of urine or bladderwashing fluid was performed by use of standard Pap staining. The cells in approximately 10-mL aliquots of voided urine or bladder-washing fluid were concentrated by centrifugation at 500g at room temperature for 5 minutes. The cells were then spread onto microscope slides, fixed with ethanol, and stained. The slides were screened under a microscope by cytologists, and they were reviewed by pathologists. Morphologic diagnosis was performed according to criteria used at our institute. A urine cytologic examination was performed at least twice for each patient.
Statistical Analysis
Comparison of the outcomes obtained with two procedures for individual patients was performed by use of McNemar's test (25) , and two-sided 95% confidence intervals (CIs) were computed by use of Statistical Analysis System version 6.11 software (SAS Institute, Inc., Cary, NC) for Windows.
Results
Consistent with previously reported data (5), substantial telomerase activity was observed in lysates prepared from the three bladder tumor cell lines. Thus, we used a lysate obtained from the T24 cell line and CHAPS lysis buffer without added cell extract as positive and negative controls, respectively, in every TRAP assay of clinical materials. Table 1 summarizes the data for each patient. Telomerase activity was demonstrated in 41 (98%; 95% CI ‫ס‬ 87%-100%) of the 42 bladder tumor samples tested (e.g., Fig. 1, A) . The tumor with no detectable telomerase activity (No. 1) was a low-grade papillary tumor of a noninvasive nature. To examine the telomerase activity in normal bladder mucosae, we obtained macroscopically and cystoscopically normal epithelium from one cystectomy specimen and five random biopsy specimens from six of the patients with bladder tumors as well as two specimens obtained at autopsy from individuals without any pathologic condition of the bladder.
Telomerase activity was not detected in five of the six normal urothelial specimens from the patients with bladder tumors or in either of the two autopsy specimens. Telomerase activity was present in one cystoscopically normal specimen of bladder epithelium that was isolated from a patient with a papillary grade 2 tumor.
To test whether telomerase activity was detectable in exfoliated urinary cells, we collected 42 spontaneously voided urine samples and 43 samples of bladderwashing fluid from the 45 patients with bladder tumors. Table 2 , A, shows the sensitivities and specificities of conventional cytologic examination and the telomerase analysis of samples collected by different procedures. Telomerase activity was observed in 23 (55%; 95% CI ‫ס‬ 39%-70%) of the 42 voided urine samples and in 36 (84%; 95% CI ‫ס‬ 69%-93%) of the 43 samples of washing fluid from the patients with bladder tumors. When the results from spontaneously voided urine samples and the samples of bladder-washing fluid were combined, telomerase activity was detected in specimens from 40 (89%; 95% CI ‫ס‬ 76%-96%) of the 45 patients. In contrast, the sensitivity of conventional cytologic examination was 42% (19 of 45 samples; 95% CI ‫ס‬ 28%-58%). Representative autoradiograms of TRAP assay results with exfoliated cells are shown in Fig. 1, B . Telomerase activity was not detected in any of the specimens of bladder-washing fluid from 12 patients who underwent surgery for urologic diseases other than cancer (specificity ‫ס‬ 100%; 95% CI ‫ס‬ 74%-100% [ Table 2 , A]).
Eighteen (95%; 95% CI ‫ס‬ 74%-100%) of the 19 patients with positive urine cytologic findings were positive for telomerase activity in the exfoliated cells in urine or bladder-washing fluid ( Table  2 , B). We also detected telomerase activity in nine (90%; 95% CI ‫ס‬ 55%-100%) of the 10 patients with atypical cells in their urine. In addition, 13 (81%; 95% CI ‫ס‬ 54%-96%) of 16 patients showed positive telomerase activity in either spontaneously voided urine or bladder-washing fluid in spite of negative cytologic findings. Conventional urine cytologic examination or urine telomerase activity measurement was not positive in four patients with bladder cancer, including the patient (No. 1; Table 1 ) whose tumor showed no telomerase activity.
We examined the relationship between the pathologic grade of the bladder tumors, positivity in the cytologic examination, and the detection of telomerase activity in the exfoliated cells in voided urine or bladder-washing fluid (Table 2, C). The sensitivity of measuring telomerase activity in exfoliated cells was high (75%-96%), regardless of the histopathologic grade of the bladder tumors, whereas the sensitivity of urine cytologic examination declined with decreasing tumor grade. For grades 1 and 2 tumors, the sensitivity of telomerase analysis of exfoliated cells was significantly higher than that of cytologic examination: 75% versus 8% for grade 1 tumors and 96% versus 46% for grade 2 tumors (both P<.01, McNemar's test).
Discussion
In this study, 98% (41 of 42) of the tested bladder tumors were positive for telomerase activity. This frequency is entirely consistent with previous reports of telomerase activity in cancers (5) (6) (7) (8) 26) and supports the findings of Lin et al. (17) , who demonstrated that 39 of 40 (18) and TNM classification (19) ; T ‫ס‬ tumor, N ‫ס‬ lymph node, and M ‫ס‬ metastasis. M ‫ס‬ male; F ‫ס‬ female; Void-U ‫ס‬ spontaneously voided urine; Washing-F ‫ס‬ bladder-washing fluid; ND ‫ס‬ not done; + ‫ס‬ cancer cells detected by Pap staining (cytologic examination) or telomerase activity detected; − ‫ס‬ no cancer cells or telomerase activity detected.
bladder cancers and one of two dysplasias showed positive telomerase activity, whereas none of seven normal tissues displayed this activity. The high frequency of telomerase positivity in bladder cancer, regardless of the clinical stage, may indicate that telomerase is reactivated at an early stage during tumorigenesis.
One of the eight normal epithelial tissues examined showed positive telomerase activity. However, it is possible that this specimen contained dysplastic or malignant cells with telomerase. Because the specimen was obtained from the cystoscopically normal mucosa of a patient with a bladder tumor, malignant or dysplastic cells may have been present or contaminated the samples during biopsy.
In the development of advanced diagnostic and treatment technologies, the early detection of human cancers, using minimally invasive techniques, has become an important issue. We have demonstrated that bladder cancers can be detected at high frequency by evaluating the telomerase activity in exfoliated cells in urine. Telomerase activity was demonstrated in 55% of the spontaneously voided urine samples and in 89% of the spontaneously voided urine samples and bladder-washing fluids combined, whereas none of the 12 bladder-washing fluids obtained from control patients were positive for telomerase (Table 2, A). It is important to note that the frequency of detecting telomerase activity in urine was significantly higher than the frequency of detecting carcinoma by the method of conventional urine cytologic examination, especially for patients with low-grade bladder cancers (Table 2, C) .
Urine cytologic examination involves the assessment of morphologic changes in tumor-derived cells among the exfoliated cells in urine. This morphology-based examination inevitably demonstrates low sensitivity in patients with low-grade tumors because the cytologic abnormality is slight. The reported sensitivity of urine cytologic examination varies with tumor grade, although the sensitivity for tumors of low grade has been controversial (27, 28) : less than 10%-70% for grade 1 transitional cell carcinomas, 40%-80% for grade 2 tumors, and more than 80% for grade 3 tumors (15, (29) (30) (31) . These sensitivities are similar to those obtained in the present study. The specificity of cytologic examination at our institute is 99%, based on data from 126 patients with hematuria who were free of bladder cancer (Table 2,  A) . In this study, urine cytologic examination was also performed on the bladderwashing fluids of 27 patients who were selected at random. The sensitivity of this examination was almost the same as that of a similar examination of voided urine samples (data not shown). Bladder washing increases the cellular content of urine samples, but it is thought to contribute little to the diagnosis of low-grade tumors (27) .
In combination with conventional urine cytologic examination, the determination of telomerase activity in both voided urine and bladder-washing fluids substantially improved the sensitivity of detecting grades 1 and 2 tumors: from 8% to 75% and from 46% to 96% for grades 1 and 2 tumors, respectively (Fig. 2) . However, catheterization to collect bladder-washing fluid is an invasive procedure, and it is not an adequate method alone for the screening of bladder tumors. When telomerase analysis was performed on spontaneously voided urine specimens only, the sensitivity was improved by 20%-40% compared with that of cytologic examination alone (Fig. 2) . On the basis of these observations, we believe that the analysis of voided urine may be useful, especially in the follow-up of patients with low-grade bladder cancers. A) The telomeric repeat amplification protocol (TRAP) assay was performed with serial 10-fold dilutions of extracts of tumor tissue or cultured bladder tumor cells (protein range tested ‫ס‬ 0.6-0.006 g). The assay products were separated in polyacrylamide gels, transferred to nylon membranes, and detected by use of chemiluminescence methods (see ''Patients and Methods'' section for details). Telomerase activity was detected in cells of the bladder cancer lines J82 and T24 as well as in the tumor tissue from patient Nos. 7, 18, 21, 31, and 43. Activity was not detected in normal bladder epithelium (NE) or the tumor tissue from patient No. 1. The sensitivity of the activity to pretreatment with ribonuclease A (R+) was examined for all telomerase-positive specimens. B) Telomerase activity was detected in exfoliated cells in spontaneously voided urine (V) and bladder-washing fluid (W) from the patients with bladder cancer, whereas it was not detected in the bladder-washing fluid from control patients (CP). The voided urine from patient No. 18 was negative for telomerase. Although the signal intensity was weak for the voided urine specimens from patient Nos. 7 and 43, the presence of telomerase was confirmed by longer x-ray film exposures. The numbers above the T24 lanes indicate the cell equivalents of protein assayed in the corresponding reactions. In every series of assays, we used an extract from T24 cells and extraction (i.e., cell-lysis [Ly]) buffer without added cell extract as a positive and a negative control, respectively.
Telomerase analysis of voided urine samples is so simple and so low in cost that it may be applicable to the screening of bladder cancer as well.
A possible disadvantage in using telomerase activity measurements for the detection of bladder tumors is that a large number of exfoliated cancer cells is required to obtain reproducible results. Telomerase activity can be detected in an amount equivalent to the protein content of a single cell when telomerase-positive tumor cell lines are studied (32) . However, in clinical samples containing both intact and degraded cells, much more protein is thought to be required in each reaction mixture to obtain stable results. We examined the number of exfoliated cells in randomly selected samples and found that approximately 500-4000 cells were present in 50 mL of voided urine, and 1000-10 000 cells were present in the same volume of fluid obtained by the bladder-washing technique. These numbers varied considerably from patient to patient (data not shown). The differences in the numbers of exfoliated cells among patients may have influenced the detectability of telomerase activity. Supporting the idea that the number of exfoliated tumor cells is important in our assay, the sensitivity of measuring telomerase activity in bladder-washing fluid (84%) was significantly higher than that obtained with spontaneously voided urine (55%) (P ‫ס‬ .003, McNemar's test).
Another possible disadvantage is that of obtaining a false-positive result because of the presence of contaminating inflammatory cells in the urine samples. Peripheral leukocytes have been reported to exhibit weak telomerase activity (6, 23) . In this study, we found moderate cystitis in only three of 45 patients with bladder tumors. Furthermore, urine samples from two control patients with moderate-tosevere cystitis, caused by urolithiasis and a urethral stricture, showed no telomerase activity. Consequently, we conclude that leukocyte contamination did not have much influence on our data. However, it is still possible that severe urinary tract inflammation might cause false-positive results, and this possibility should be considered if the TRAP assay is applied to the detection of bladder cancer. To avoid this possibility, telomerase analysis should be performed only after antibiotic treatment if the leukocyte contamination is significant. In conclusion, our findings suggest that the determination of telomerase activity in exfoliated cells in voided urine is an objective and noninvasive method of detecting bladder cancer. In addition, this method is more sensitive than conventional urine cytologic examination, and it might be particularly useful in the followup of patients with low-grade bladder cancers. To confirm the usefulness of telomerase analysis as a diagnostic tool for bladder tumors, we are currently using the assay in a study involving a large number of patients. 
